Abstract
Introduction
There is considerable interest in improving the spatial resolution in positron emission tomography for the brain and neck, because many important functional regions are too small to be investigated quantitatively with 10-20 mm resolution. For example, a spatial resolution of 2 to 3 mm fwhm will permit measurement of the dynamics of blood flow in the cerebral arteries and the uptake and disappearance of labeled tracers in small, functionally distinct brain nuclei.
This work shows that 3 mm-wide BGO crystals can provide excellent resolution with good efficiency, in spite of factors such as the range of positrons in tissue, deviations from 1800 emission, off-axis penetration through the crystals, and Compton scattering resulting in multiple crystal interactions. This tomograph is designed for quantitation of tracer activity in 5 mm regions, which requires a spatial resolution of 2-3 mm, and this in turn requires sampling the projections with a frequency of one per mm or finer.
Other work to improve spatial resolution includes the multi-crystal analog system of Burnham and Brownell which has a spatial resolution of 4.5 mm fwhm1, the small animal system of Tomitani et al which has a resolution of 3. Figure 1 ), 240 are 10 mm x 3 mm x 23 mm deep (crystals B and D in Figure 1 ), and 120 are 10 mm x 3 mm x 30 mm deep (crystal C in Figure 1 3 .14 mm, which is the detector center-to-center spacing. When the arms are shut, the detector ring forms a circle of 600 close-packed detectors. When the arms are opened, the detector ring approximates a 601 crystal ring with one detector missing. The combined data set provides 120,000 projection measurements with 100 rays at each of 1200 angles. Lateral spacing is staggered in angle, which results in a linear sampling of 0.79 mm, which is one-fourth of the center-to center crystal spacing. 5 
Electronics
The anode signal from each phototube is sent to its own circuit via coaxial cable. This circuit amplifies the signal, integrates the charge for pulse height discrimination, and starts a timing cycle from the first photoelectron liberated by the photocathode.67 Two switch-selectable event vetos are provided, which reset the timing cycle under the following conditions: (1) the photoelectron pulse is not followed by subsequent pulses within 50 nsec (indicating a noise pulse), or (2) a pulse height threshold is exceeded in either the left or right adjacent channel (indicating that the annihilation photon has interacted in more than one crystal). Note that in BGO, the first interaction of a 511 keV annihilation photon is by Compton scattering 53% of the time and by photoelectric absorption 47% of the time.
The amount of integrated charge is compared to upper and lower discriminators whose thresholds are set by computer control. A valid 511 keV detection requires a pulse height corresponding to an energy of between 350 keV and 1000 keV in one crystal. If the output of the charge integrator is within the pulse height window, and no vetos have caused the timing cycle to be reset, the phototube circuit generates a timing pulse that is sent to address generation and coincidence circuits.
The pulse height window for each integrator and the timing delay for each phototube are computer controlled by 1800 digital to analog converters. An additional 90 converters control the width of the coincidence windows in each coincidence circuit. Prior to each study, a computer program is used to sequence the converters to maximize the coincident count rates for the orbiting transmission source.
Reconstructions were performed using the convolution method9 on 1.79 mm projection bins. The reconstructed images of the 0.35 mm diam 22Na wire source at the center of the tomograph have a PSF that is circular with a fwhm of 2.9 mm (Figure 4) . At a distance of 8 cm from the center of the gantry, the PSF is elliptical with a radial fwhm of 4.0 mm and a tangential fwhm of 3.0 mm. The 22Na source used here (and the 18F used in brain studies) has positron energies below 600 keV and the blurring caused by the positron range is less than 1 mm1011. The radial elongation visible in Figure 4 for sources far from the gantry center is due to crystal penetration.
These results can be understood in terms of three factors (Table 3) : (1) the detector size, which contributes a triangular PSF with 1.5 mm fwhm at the center of the gantry, (2) the deviations from 1800 emission, which contributes a nearly Gaussian PSF with 1.3 mm fwhm, (3) the range of the positrons in tissue, which we approximate here (18F, 22Na) to be 0.5 mm. The resulting detector pair resolution is 2.0 mm fwhm, which is degraded by about 45% in the reconstructed image to 2.9 mm fwhm. We expect an improvement in the reconstructed image resolution when convolutions are performed on 0.79 mm projection bins. Figure 5C shows an image of 35 million 68Ga events taken with the Donner 600 Crystal Positron Tomograph in stationary mode and reconstructed with 1.57 mm projection bins. The improvement resulting from reducing the crystal size from 9.5 mm to 3 mm is quite evident.
A new phantom was designed ( Figure 6A) 
